Previous studies have shown that the nonstructural glycoprotein NSP4 plays a role in rotavirus pathogenesis by functioning as an enterotoxin. One prediction of the mechanism of action of this enterotoxin was that it is secreted from virus-infected cells. In this study, the media of cultured (i) insect cells infected with a recombinant baculovirus expressing NSP4, (ii) monkey kidney (MA104) cells infected with the simian (SA11) or porcine attenuated (OSU-a) rotavirus, and (iii) human intestinal (HT29) cells infected with SA11 were examined to determine if NSP4 was detectable. Sodium dodecyl sulfate-polyacrylamide gel electrophoresisWestern blotting, immunoprecipitation and N-terminal amino acid sequencing identified, in the early media from virus-infected cells, a secreted, cleavage product of NSP4 with an apparent molecular weight of 7,000 that represented amino acids 112 to 175 (NSP4 aa112-175). The secretion of NSP4 aa112-175 was not affected by treatment of cells with brefeldin A but was abolished by treatment with nocodazole and cytochalasin D, indicating that secretion of this protein occurs via a nonclassical, Golgi apparatus-independent mechanism that utilizes the microtubule and actin microfilament network. A partial gene fragment coding for NSP4 aa112-175 was cloned and expressed using the baculovirus-insect cell system. Purified NSP4 aa112-175 increased intracellular calcium mobilization in intestinal cells when added exogenously, and in insect cells when expressed endogenously, similarly to full-length NSP4. NSP4 aa112-175 caused diarrhea in neonatal mice, as did full-length NSP4. These results indicate that NSP4 aa112-175 is a functional NSP4 enterotoxin peptide secreted from rotavirus-infected cells.
Rotaviruses are major pathogens causing life-threatening dehydrating gastroenteritis in young children and animals. Despite extensive studies of different animal models, rotavirus pathogenesis remains incompletely understood. A nonstructural protein, NSP4, encoded by rotavirus genome segment 10, is a transmembrane, endoplasmic reticulum (ER)-specific glycoprotein with pleotropic functions in viral replication and pathogenesis (15) . NSP4 serves as an intracellular receptor for newly made double-layered particles and interacts with viral capsid proteins during viral morphogenesis (1) . NSP4 has been shown previously to be an enterotoxin that causes diarrhea in mouse pups, suggesting a role for NSP4 in rotavirus pathogenesis (3, 21) . Mutations in NSP4 have also been associated with altered virus virulence by comparing the sequences and biological activities of NSP4 from two pairs of virulent and avirulent porcine rotaviruses, thus supporting a role for NSP4 in rotavirus pathogenesis (46) . Increasing evidence indicates that this enterotoxin functions to activate a signal transduction pathway that increases intracellular calcium levels in cells by mobilizing calcium from the ER and ultimately resulting in chloride secretion (3, 11, 33, 38, 39) . Recent studies have shown that NSP4 induces diarrhea by activating an age-dependent, calcium-sensitive anion (probably chloride) permeability in the small and large intestinal mucosa in both normal mice and mice with cystic fibrosis that lack the cystic fibrosis transmembrane regulator (cystic fibrosis transmembrane regulator chloride channel). These properties of NSP4 indicate that it is a novel secretory agonist since other secretagogues fail to function in mice with cystic fibrosis (33) . The effects of NSP4 are specific, and an avirulent form of NSP4 does not induce diarrhea in mice (46) .
It has been postulated elsewhere that the enterotoxin activity of NSP4 may be responsible for the profuse diarrhea observed early after rotavirus infections of animals prior to the detection of histologic changes in the intestine that contribute to subsequent malabsorption (5, 8, 31, 41) . One model for the mechanism of action of NSP4 is that this enterotoxin is released from virus-infected enterocytes and extracellular NSP4 functions in a paracrine fashion to stimulate secretion from adjacent epithelial crypt cells (3, 18) . This model requires that either NSP4 is released by cell lysis or a novel pathway for secretion of NSP4 must exist. Extracellular NSP4 was not detected in early work that characterized NSP4 as a transmembrane, ER-specific glycoprotein (14, 23) .
Release or secretion of a viral protein product into the medium is one approach used by viruses to exert their pathogenic effect on the host. Many viruses code for proteins that counteract host immune defenses (19) . The T2 protein (40) and a serine protease inhibitor (28) of myxoma virus, a 35,000-molecular-weight (MW) (35K) protein of vaccinia virus (26) , human immunodeficiency virus type 1 Tat (44), and a glycoprotein from Ebola virus (43) all are actively secreted from virus-infected cells and have autocrine or paracrine effects on host cells. This paper reports studies designed to test the hypothesis that NSP4 is released from virus-infected cells in the absence of cell lysis. This idea was strengthened by the report that rotavirus can reach the cell surface by a nonconventional vesicular exocytic pathway that bypasses the Golgi apparatus and results in virus release from nonlysed, polarized epithelial cells brane (Millipore, Bedford, Mass.) and visualized with Coomassie blue for sequencing (30, 45) .
Production and purification of the NSP4 cleavage product NSP4 aa112-175. The portion of SA11 gene 10 that encodes NSP4 aa112-175 was cloned into the baculovirus expression vector pFastBac1 (Life Technologies, Baltimore, Md.). The sequence of the resulting baculovirus recombinant DNA was confirmed by dideoxy sequencing. A recombinant baculovirus expressing NSP4 aa112-175 was generated as described by the manufacturer, and the recombinant virus stock was plaque purified. NSP4 aa112-175 was produced from insect cells infected at an MOI of 5 with the recombinant baculovirus expressing NSP4 aa112-175 in TNH-FH (Hinks) medium containing 10% FBS. NSP4 aa112-175 was released into the medium. Six days postinfection, the medium containing NSP4 aa112-175 was harvested and clarified. This clarified NSP4 aa112-175-containing medium was further purified by using an agarose immunoaffinity column onto which rabbit immunoglobulin G against SA11 NSP4 had been immobilized (3, 11, 37) . The bound NSP4 aa112-175 was eluted with 0.1 M glycine-HCl buffer at pH 2.8, neutralized with 4 M K 2 HPO 4 immediately, and then passaged through an immunoaffinity column containing rabbit immunoglobulin G against wild-type baculovirus proteins made in this laboratory. NSP4 aa112-175 was eluted in the flowthrough containing unbound protein. The final purified NSP4 aa112-175 was dialyzed exhaustively against 50 mM NH 4 HCO 3 , using a dialysis membrane with an MW cutoff of 3,500 (Spectrum, Houston, Tex.), and aliquots were lyophilized. The purity of NSP4 aa112-175 was examined by SDS-15% PAGE, followed by silver staining with a kit (Sigma) for verifying the purity.
Measurement of intracellular calcium concentration ([Ca 2؉ ] i ).
[Ca 2ϩ ] i in HT29 cells was measured by calcium imaging using the fluorescent Ca 2ϩ indicator fura-2/AM as previously described (11, 46) . Sf9 cells grown on coverslips were infected with a recombinant baculovirus expressing NSP4 or NSP4 aa112-175, at an MOI of 20, and loaded with fura-2/AM at 36 hpi (38) . [Ca 2ϩ ] i in Sf9 cells was measured according to essentially the same procedures as used for HT29 cells, except at room temperature. Cells loaded with fura-2/AM were superfused continuously with Na-HEPES (containing 1 mM Ca 2ϩ ) to remove extracellular dye. Intracellular Ca 2ϩ was measured by ratio imaging. The averaged ratio signal obtained from each cell was digitally saved as a log file. The collected values from cells imaged within a single experiment (6 to 10 cells) were then averaged to give an experimental observation of one (n ϭ 1).
Diarrhea induction in neonatal mice. Purified NSP4 aa112-175 was inoculated intraperitoneally into 6-to 7-day-old CD1 mice (Charles River Labs, Wilmington, Mass.) in a total volume of 50 l of endotoxin-free PBS. The severity of diarrhea was scored using a scale of 1.0 to 4.0 as previously described (3) . All animal studies were done using coded samples.
RESULTS
An NSP4 cleavage product, NSP4 aa112-175, is produced in both gene 10-recombinant baculovirus-infected Sf9 cells and SA11-infected MA104 cells. Recombinant baculovirus pAc461/ SA11-10-infected Sf9 cells and the medium were harvested 4 days postinfection. The cell lysate and concentrated medium were then analyzed for expressed NSP4 products by SDS-15% PAGE and Western blotting with rabbit anti-NSP4 pep120-147 polyclonal antibody. In addition to the regular forms of NSP4 with apparent molecular weights of 28K, 26K, 20K, and 15K*, a 7K band was seen in the cell lysate (Fig. 1A , lane 3, arrow) and medium (Fig. 1A, lane 2, arrow) . Rotavirus-infected MA104 cells and the medium were harvested at 7.5 hpi and analyzed by the same approach. NSP4-related major bands that were 28K and 26K were detected in cell lysates (Fig. 1A , lane 5), and a 7K NSP4-related product was seen in the medium (Fig. 1A, lane 6, arrow) . The same results were obtained when a rabbit anti-NSP4 pep114-135 , instead of rabbit anti-NSP4 pep120-147 , polyclonal antibody was used (data not shown). The appearance of the 7K NSP4-related product in the medium was not affected by the presence of 2 g of tunicamycin per ml that completely inhibited glycosylation of NSP4 (data not shown). A 23K band detected in the medium (Fig.  1A , lane 2, arrowhead) was shown to be an oligomer of the 7K band (see below). The 15K* NSP4-related band (Fig. 1A , lane 3; Fig. 2A ) was always seen in the lysates. This seems to be another cleavage product of the NSP4 cytoplasmic terminus because it was detectable by the rabbit polyclonal antibodies to NSP4 pep114-135 and to NSP4 pep120-147 . Characterization of the 15K* band was not pursued because this form was not detected in the medium. In the presence of protease inhibitors (0.5 g of aprotinin per ml plus 0.5 g of leupeptin per ml), the 15K* and 7K bands were not seen in the culture media or cell lysates of either recombinant gene 10-infected insect cells or SA11-infected MA104 cells (data not shown).
To directly identify the 7K cleavage product of NSP4 in the medium, L-[
35 S]Met was used to label proteins produced in SA11-infected MA104 cells. [ 35 S]NSP4-related products in the medium were directly analyzed by immunoprecipitation without any dialysis and concentration of the medium. The major band precipitated by the rabbit anti-NSP4 pep120-147 serum was the NSP4 cleavage product of 7K (Fig. 1B, lanes 1 to 3, arrow) . 35 S-calnexin, an ER transmembrane protein (see below), could not be detected by immunoprecipitation from the same medium using a rabbit anti-calnexin carboxy terminus antibody ( and monoglycosylated NSP4 (26K), (ii) the 23K band did not contain the N terminus of NSP4 because it did not react with a mouse anti-NSP4 aa2-22 antibody, (iii) the 23K band shifted to a 7K position was seen after treatment with strong detergent (data not shown), and (iv) the 23K band was sometimes detected in purified preparations of the baculovirus-expressed NSP4 aa112-175 (see below). Therefore, this minor 23K band appears to be an oligomer of the secreted NSP4 7K band.
The N-terminal sequence of the 7K products in Fig. 1A , lanes 2 and 6, from both the insect cells and MA104 cells was MIDKLTTRE, indicating that both began at Met 112 of NSP4. The apparent MW of the 7K product was consistent with the cleavage product being the cytoplasmic tail of NSP4 containing amino acids (aa) 112 to 175. The amount of NSP4 aa112-175 released from MA104 cells at 7.5 hpi into the medium ranged from 10 to 20 g per 10 6 cells, around 20% of the total NSP4 molecules, based on comparisons by Western blotting using purified NSP4 aa112-175 expressed from a recombinant baculovirus (see below) as a standard to semiquantify the amount of NSP4 aa112-175. The expected N-terminal cleavage prod- 35 S]NSP4 aa112-175 in MA104 cell medium. The radiolabeled proteins in the medium collected at 5.5, 6.5, and 7.5 hpi were immediately detected by immunoprecipitation using rabbit anti-NSP4 pep120-147 (1:500 dilution) (lanes 1 to 3). 35 S-calnexin in the lysate (lane 5) and medium (lane 6) at 7.5 hpi was also immediately detected by immunoprecipitation using rabbit anticalnexin (1:20 dilution). [ 35 S]NSP4-related bands and 35 S-calnexin-related bands were resolved by SDS-15% PAGE. Lane 4, prestained MW markers. Lane 7, 14 C-methylated protein MW markers (Sigma). Abbreviations: M, medium. L, lysate. TM, tunicamycin. Arrows indicate the 7K cleavage product, subsequently characterized as NSP4 aa112-175 (see text). Arrowheads indicate the 23K oligomer of the 7K cleavage product. Asterisks indicate a 15K uncharacterized cleavage product detected only in cell lysates. Large amounts of the 7K product are detected in the insect cell system compared to virus-infected mammalian cells, probably due to higher levels of protein expression from the recombinant baculovirus at later time points after infection.
FIG. 2.
Detection of NSP4 aa112-175, full-length NSP4, and SA11 structural proteins in SA11-infected MA104 or HT29 cells at various time points postinfection. Infected cells and culture medium were harvested at 2.5, 4, 6, 9, 12, and 24 hpi. Proteins in 15 l of cell lysates and of concentrated cultured medium were analyzed by SDS-PAGE and Western blotting with appropriate antibodies. (A) NSP4 and NSP4 aa112-175 in SA11-infected MA104 cell lysates were analyzed by SDS-15% PAGE. (B) NSP4 aa112-175 and NSP4 in concentrated culture medium from SA11-infected MA104 cells were analyzed by SDS-15% PAGE. A larger quantity of NSP4-related proteins was loaded in panel B than in panel A, and so these data cannot be used for direct precursor-product quantitation. (C) SA11 structural proteins in concentrated culture medium from SA11-infected MA104 cells analyzed by SDS-10% PAGE. Mw, molecular weight markers; TM, tunicamycin.
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on August 15, 2017 by guest http://jvi.asm.org/ uct NSP4 aa1-111 was not detected when lysates or the medium was probed with various anti-NSP4 antibodies, including antibody to full-length NSP4, suggesting that the N terminus is quickly degraded. NSP4 aa112-175 is released into the medium early during rotavirus infection of cells. To determine the kinetics of secretion of NSP4 from SA11-infected cells, the medium from the infected cells was examined at various times postinfection for the presence of NSP4-related products and SA11 structural proteins. SDS-15% PAGE and Western blot analyses with rabbit anti-NSP4 pep120-147 showed that full-length NSP4 could be detected as early as 2.5 hpi in cell lysates ( Fig. 2A) . NSP4 aa112-175 could be detected as early as 4 hpi in the medium (Fig. 2B) . When the same medium was examined by SDS-10% PAGE and Western blot analysis with mouse anti-SA11 cl3 polyclonal antibody to detect SA11 structural proteins, VP2, VP4, and VP7 were not detectable in the early medium before 12 hpi, but unexpectedly VP6, the most abundant and soluble capsid protein of rotavirus, was seen in the medium as early as 2.5 hpi (Fig. 2C) . Testing of the same medium by Western blot analysis with a rabbit antiserum that contains antibodies to NSP1, NSP2, NSP3, and NSP5 did not detect these nonstructural proteins prior to 12 hpi (data not shown). The experiments described so far were all carried out with MA104 cells infected with SA11. To determine if the release of NSP4 aa112-175 into the medium was a general phenomenon, SA11-infected HT29 cells and OSU-a-infected MA104 cells were also investigated. Results identical to those shown in Fig. 2A and B were obtained, and a product comigrating with NSP4 aa112-175 was seen (data not shown; also see Fig. 4B ). Detection of the cleavage product in the medium of cells infected with the avirulent OSU-a was not surprising, since the mutation in this virus does not affect the Met 112 cleavage site (46) . SA11 infection of cells in the early stages does not disrupt the ER membrane and ER-Golgi apparatus pathway. NSP4 was previously characterized as an ER transmembrane protein.
To determine if the detection of NSP4 aa112-175 in the medium reflected a general disruption of the ER membrane caused by viral infection, we tested to see if another ER transmembrane protein, the chaperone calnexin, which interacts with NSP4 (32, 35) , was present in the medium. MA104 cells were infected with SA11, and the cells were incubated in the absence or presence of BFA, NOC, or Cyt.D. At 7.5 hpi, the concentrated media did not contain calnexin, while calnexin and several apparent cleavage products were detected in the lysates (Table 1) , as seen in Fig. 1B , lanes 5 and 6. These data indicated that (i) a general disruption of the ER membrane at 7.5 hpi was not responsible for the detection of ER transmembrane proteins in the medium of virus-infected cells and (ii) disruption of the ER-Golgi apparatus with BFA, or of the cytoskeleton with NOC and Cyt.D, did not contribute to the detection of ER transmembrane proteins in the medium.
To investigate if the classical ER-Golgi vesicle-mediated secretion pathway was functioning, IL-8 was examined for its detection in the medium of SA11-infected HT29 cells. IL-8 secretion occurs from the Golgi apparatus (42) , and it can be induced by diverse inflammatory stimuli in many cells. IL-8 can also be synthesized and secreted by epithelial cells following induction in response to rotavirus infection (6, 36) . To compare the secretion pathway of NSP4 aa112-175 with that of human IL-8, HT29 cells were infected with SA11 and incubated in the absence and presence of BFA, NOC, or Cyt.D. The concentrated media were analyzed with a monoclonal anti-human IL-8 antibody to verify the release of IL-8 into the medium. IL-8 was secreted into the medium of SA11-infected HT29 cells at 7.5 hpi (Fig. 3, lane 1) , and this secretion was completely abolished by treatment with BFA (Fig. 3, lane 2 ) but was not affected by treatment with NOC or Cyt.D (Fig. 3,  lanes 3 and 4) . This result is consistent with IL-8 secretion occurring by a Golgi apparatus-dependent pathway. These data indicated that (i) a general disruption in the cytoskeleton at 7.5 hpi has no detectable influence on the Golgi apparatusdependent trafficking pathway and (ii) the drugs used to disrupt the trafficking pathways in SA11-infected HT29 cells functioned as expected based on analyses of the location and secretion of IL-8 and calnexin. The secretion of NSP4 aa112-175 into the medium utilizes a novel microtubule and actin filament network trafficking pathway, rather than the classical ER-Golgi vesicle-mediated secretion pathway. To investigate if NSP4 aa112-175 was detected in the medium due to trafficking by a classical pathway, SA11-infected MA104 cells and SA11-infected HT29 cells were incubated with medium lacking or containing BFA, NOC, and Cyt.D, and NSP4-related products were detected in cell lysates and concentrated media at 7.5 hpi. In the infected cells lacking the trafficking-disrupting drugs, NSP4 was regularly synthesized in the cells (Fig. 4A, lane 5; Fig. 4B , lane 5) and NSP4 aa112-175 was regularly released into the medium (Fig.   FIG. 3 . Effect of the Golgi apparatus-ER-and cytoskeleton-disrupting drugs on IL-8 secretion. HT29 cells were infected with SA11 in the absence and presence of the trafficking-disrupting drugs. The culture medium was harvested at 7. 4A, lane 1; Fig. 4B, lane 1) . BFA, NOC, and Cyt.D did not affect NSP4 synthesis and glycosylation in the cells (Fig. 4A , lanes 6 to 8; Fig. 4B, lanes 6 to 8) . However, the microtubuledepolymerizing drug NOC and actin filament-disrupting drug Cyt.D completely blocked the secretion of NSP4 aa112-175 into the medium (Fig. 4A, lanes 3 and 4; Fig. 4B , lanes 3 and 4), while the Golgi apparatus-disrupting drug and classically mediated secretion inhibitor BFA had no detectable effect on NSP4 aa112-175 secretion (Fig. 4A, lane 2; Fig. 4B, lane 2) . These results indicated that (i) the classical ER-Golgi apparatus-dependent vesicle-mediated secretion pathway is not involved in the secretion of NSP4 aa112-175, which is different from that of IL-8, and (ii) the complete inhibition of the secretion of NSP4 aa112-175 independently by NOC and Cyt.D shows that the release of NSP4 aa112-175 from cells utilizes a secretion pathway involving the microtubule and actin filament network. Similar experiments were performed to examine the trafficking pathway of VP6. VP6 secretion was blocked by BFA, but not by NOC or Cyt.D, indicating that in the early stage of infection VP6 was secreted through a classical vesicleGolgi apparatus-dependent pathway distinct from the pathway followed by NSP4 aa112-175 (Table 1) . Cloning, expression, and purification of NSP4 aa112-175. We next cloned the fragment of gene 10 that would code for NSP4 aa112-175 (G10 aa112-175 ), inserted this cDNA into a baculovirus expression vector, and made a recombinant baculovirus, pFastBac/SA11-10 aa112-175 , that expresses NSP4 aa112-175. The expressed NSP4 aa112-175 from pFastBac/ SA11-10 aa112-175 -infected Sf9 cells was purified from the medium by using an immunoaffinity column. The expressed and purified NSP4 aa112-175 was analyzed by SDS-15% PAGE and Western blotting with rabbit anti-NSP4 pep120-147 polyclonal antibody for the comparison of comigration. The pFast Bac/SA11-10 aa112-175 -expressed NSP4 aa112-175 comigrated with the NSP4 aa112-175 detected in the medium of pAc461/ SA11-10-infected Sf9 cells and SA11-infected MA104 cells, suggesting that the detected cleavage product is the cytoplasmic tail of NSP4 containing aa112-175 (Fig. 5A) . Purified NSP4 aa112-175 from medium of pFastBac/SA11-10 aa112-175 -infected Sf9 cells showed a high purity as stained with silver (Fig. 5B) Table 2 ). The [Ca 2ϩ ] i levels in Sf9 cells expressing NSP4 aa112-175 and full-length NSP4 were not significantly different, but both were significantly higher than those in wild-type baculovirus-infected cells (P Ͻ 0.01, Student t test). Exogenously added SA11 NSP4 also can increase [Ca 2ϩ ] i in HT29 cells (11) , and so we next sought to determine if exogenously added purified NSP4 aa112-175 would mobilize intracellular calcium in these human cells. The purified NSP4 aa112-175 was added exogenously to HT29 cells, and [Ca 2ϩ (data not shown). The [Ca 2ϩ ] i levels in HT29 cells increased by addition of NSP4 aa112-175 and by full-length NSP4 were not significantly different, but both were significantly higher than those in wild-type baculovirus-infected cells (P Ͻ 0.01, Student t test).
NSP4 aa112-175 expressed in baculovirus induces diarrhea in neonatal mice. To examine if the NSP4 cleavage product could induce diarrhea in neonatal mice, 6-to 7-day-old CD1 mice were inoculated with the purified NSP4 aa112-175 intraperitoneally. Similar numbers of mice developed diarrhea when given the same amount of NSP4 aa112-175 or full-length NSP4 (Table 3) . None of the mice given PBS had diarrhea. Although the outbred mice used in these experiments were less sensitive to the effects of the enterotoxin than those in previous experiments (3), these results indicate that truncated NSP4 aa112-175 contains the biologically active domain of NSP4.
DISCUSSION
Rotavirus NSP4 has been shown previously to function as an enterotoxin (3, 11, 18) . A model was proposed for the NSP4 enterotoxic pathway in which NSP4 binds to a putative receptor on intestinal (presumably crypt secretory) cells and triggers a signaling pathway which results in the increase of [Ca 2ϩ ] i , which leads to stimulation of chloride secretion, resulting in diarrhea. Previously, NSP4 was characterized as an ER-specific transmembrane glycoprotein (14, 23) . Therefore, one question related to the model has been: what is the source of functional, exogenous NSP4 in vivo? It had been hypothesized that NSP4 might be released by cell lysis or possibly secreted into the medium of cells, although this had not been detected previously. We report here the identification of a functional enterotoxin cleavage product of NSP4 in the media of both recombinant baculovirus-infected Sf9 cells and rotavirus-infected mammalian cells. This finding provides one possible explanation for the source of NSP4 that functions in pathogenesis. During rotavirus replication in the cells, NSP4 is synthesized, and some NSP4 molecules are cleaved and secreted from the infected cells. The released NSP4 cleavage product is then available to bind the putative receptor on the neighboring secretory cells to trigger the signaling pathway that results in diarrhea.
Release or secretion of a viral protein product into the medium is one approach used by viruses to exert their pathogenic effect on the host. Detection of the cleavage product of NSP4 in the medium early during virus infection indicates the availability of an extracellular biologically functional form of NSP4. The fact that NSP4 aa112-175 was detected in the medium as early as 4 hpi, while the viral structural proteins VP2, VP4, and VP7 and other nonstructural proteins as well as the ER transmembrane protein calnexin, which functions as a chaperone for NSP4, were not detected by 7.5 hpi, indicates that the NSP4 cleavage product in the medium was not derived by cell lysis but rather by an active secretion process. It will be of interest to sort out the cellular components and trafficking pathways involved in the secretion of NSP4 aa112-175 after it is cleaved from glycosylated NSP4, a transmembrane ER-specific protein. The N-terminal cleavage product was not detected in our experiments and may be rapidly degraded.
To investigate the possible trafficking pathway of NSP4 aa112-175, BFA, NOC, and Cyt.D (12, 13, 27) were used in the culture systems of SA11-infected MA104 cells and SA11-infected HT29 cells. To investigate the role of the Golgi apparatus in the secretion of NSP4 aa112-175, BFA, which is known to disrupt the Golgi apparatus and inhibit classical vesicle-mediated secretion, was used. Our results showed that, when Golgi apparatus-dependent IL-8 release was blocked by BFA as expected, NSP4 aa112-175 was efficiently released into the medium. BFA resistance by NSP4 aa112-175 secretion indicates that NSP4 aa112-175 does not require the Golgi apparatus for transportation out of cells. On the other hand, the microtubule-depolymerizing drug NOC and the actin filament-disrupting drug Cyt.D efficiently blocked NSP4 aa112-175 secretion into the medium while IL-8 release was not affected. The cell cytoskeleton provides a pathway between the cell nuclear membrane and cell surface, composed of a network of microtubules, intermediate filaments, and actin filaments. Our results that the secretion of NSP4 aa112-175 is independently blocked by NOC alone and by Cyt.D alone, but not by BFA, indicate that the actin filament and microtubule network is involved in NSP4 aa112-175 trafficking, while the classical ER-Golgi apparatus route is not involved. These results are of interest because rotavirus release from polarized epithelial cells has been reported elsewhere to occur by a nonclassical vesicular transport that bypasses the Golgi apparatus (22) . The proposed binding domains of NSP4 with VP4 and VP7 are located on the C terminus from aa 112 to aa 175. The cleavage product NSP4 aa112-175 is now known to be released through the microtubule network. Recently, VP4 and VP7 have also been reported to reach the plasma membrane through the microtubule network in the early stage of viral infection, 3 hpi (34), but these proteins were not detected in the medium. In our study, VP4 and VP7 were not detected in the medium in conjunction with NSP4 aa112-175 as late as 9 hpi. VP6 was secreted into the medium but not by the same pathway as NSP4 aa112-175. Future studies will address if NSP4 aa112-175 interacts with the VP4 and VP7 that reach the plasma membrane and then how NSP4 aa112-175 might release the VP4 and VP7 onto the plasma membrane, while NSP4 aa112-175 itself is secreted into the medium. The kinetics of NSP4 aa112-175 release detected in our study and when VP4 and VP7 reached the plasma membrane (34) were both earlier than the release of virus particles. It is of interest that proteins or peptides released into the medium from rotavirusinfected cells have been recently shown to mobilize [Ca 2ϩ ] i of other noninfected cells by a phospholipase C-dependent efflux of Ca 2ϩ from the ER and by extracellular Ca 2ϩ influx (4). It seems likely that secreted NSP4 is responsible for these effects.
In the presence of protease inhibitors, the 7K product was not seen in the culture medium or cell lysates. This result indicates that the production of the 7K band is protease dependent rather than being a product of internal initiation of translation at Met 112 . The protease(s) responsible for the cleavage between aa 111 and aa 112 is not yet clear. Over 100 sequences for NSP4 have been determined (7, 10, 20, 24, 25) , and a comparison of NSP4 sequences from available rotavirus strains shows that sequences at aa 111 (mainly E; a few D, A, or T; and rarely R and K residues), 112 (M), 113 (I), and 114 (D, E) are highly conserved. However, no known protease recognizes these specific amino acids, and so the responsible protease may cleave in a sequence-independent manner. Secretion of the 7K protein from the avirulent OSU-a virus shows that mutations in the enterotoxin domain do not affect secretion although they do alter diarrhea induction activity (46) . Pulse-chase experiments to demonstrate a precursor product relationship between [ 35 S]Met-NSP4 and the 7K band were not successful. This may be due to a problem in sensitivity of detecting the labeled 7K cleavage product that contains only three methionines while the full-length NSP4 contains nine methionines. Alternatively, there may be two pools of NSP4 in cells and only one of these serves as a precursor pool. These possibilities will be examined in future studies.
Our data demonstrate that NSP4 aa112-175 expressed endogenously is capable of increasing [Ca 2ϩ ] i mobilization 4.3-fold over the level of wild-type infection in Sf9 cells. Exogenous addition of NSP4 aa112-175 to HT29 cells also increases intracellular [Ca 2ϩ ] i mobilization to 5.6-fold over the basal level. These results are consistent with previous reports on endogenous expression (39) and exogenous addition (11) of fulllength NSP4 mobilizing [Ca 2ϩ ] i . Purified NSP4 aa112-175 possesses a potential to induce diarrhea in neonatal mice similar to that of full-length NSP4. These properties of NSP4 aa112-175 demonstrate that this cleavage product functions, like fulllength NSP4, as an enterotoxin. In fact, this form may be the biologically relevant form of NSP4. In passive protection experiments in mice, antibody to NSP4 aa112-175 significantly reduces the occurrence and severity of diarrhea in pups challenged with rotavirus (C. Q.-Y. Zeng, M. Zhang, M. E. Conner, and M. K. Estes, unpublished data). This soluble, extracellular cleavage product of the enterotoxin could be responsible for directly or indirectly activating the enteric nervous system that has been reported to have a role in rotavirus diarrhea (29) .
